Background: Estrogen has been shown to have profound effects on insulin and glucose metabolism in vivo. Indeed, estrogens were recently shown to modulate ion channel and secretory activities in endocrine cells. Design and Methods: To investigate whether estrogenic influences are caused by direct effects on pancreatic b-cells, we equipped INS-1 insulinoma cells with estrogen receptors and monitored insulin content and Ca 2+ fluxes as well as basal and stimulated insulin secretion upon different stimuli including glucose, the Ca 2+ ionophore ionomycin, the Ca 2+ channel agonist BayK8644, the protein kinase C activator TPA, and the adenylate cyclase activator forskolin. Results and Conclusion: Our data reveal that estradiol has no significant direct effect on proliferation rate, insulin content, basal and stimulated insulin output as well as Ca 2+ fluxes of insulin secreting cells in vitro, indicating that in vivo responses to estrogen on insulin and glucose metabolism result from indirect betacytotropic effects.
Introduction
Estrogen is known to have beneficial effects on a range of metabolic risk factors for coronary heart disease (CHD) and the decline in estrogen concentrations at the menopause would be expected to have adverse effects (1) . Links between glucose and insulin metabolism and CHD have long been suggested by an increased incidence of CHD and other vascular diseases in diabetes (2) , particularly in female patients (3) .
Ovarian endocrine insufficiency after the menopause has also been proposed to provide a diabetogenic influence (4) . A large study on pre-and postmenopausal women revealed an association of menopause with a marked reduction in the pancreatic insulin response to glucose (5) . Recently, a decrease in fasting levels of glucose has been reported upon administration of oral estrogen replacement in postmenopausal women (6) .
In animal studies the main steroids of the ovary, the estrogens and the progestins, have been shown to provide a protective influence to the susceptibility to experimental diabetes (7, 8) . Furthermore, an increase in basal glycemia and impaired glucose tolerance have been observed in ovariectomized mice as well as rats and steroid replacement experiments then indicated that a deficiency of estrogens is mainly responsible for the deterioration of glucose tolerance (9, 10) .
Transdermal estradiol replacement therapy in estrogen-deficient postmenopausal women was shown to improve b-cell function in vivo and to augment insulin secretion in response to an acute glucose challenge (11, 12) .
This effect was proposed to involve a tropic action of estradiol on pancreatic islets in combination with an increase in glucose transport in muscle and an inhibition of gluconeogenesis (12) . Indeed, the islets of Langerhans have been demonstrated to express estrogen receptors (10, 13) and to show a tropic response to estradiol treatment in vivo (14) . These effects may either be caused by the estrogen itself or they may represent indirect effects due to hormonal changes in response to estrogen treatment. Few data exist on direct effects of estradiol treatment on isolated b-cells in culture. Sorenson and colleagues reported a slightly elevated basal insulin secretion after incubation of rat islets with estradiol for 24 h (15), while Nielsen and colleagues did not find a significant effect of estradiol on basal insulin release (16 glucose-stimulated insulin secretion found a significant influence of estrogen only in combination with progesterone. Therefore, the detailed role of estrogen on insulin secretion has remained unknown.
In the present study, glucose responsive INS-1 insulinoma cells which have maintained many of the specifics of primary b-cells, were equipped with estrogen receptors by retroviral gene transfer to allow a study of estradiol action on b-cells. The cells were also equipped with a lacZ gene under the control of an estrogenresponsive internal promoter to control for the efficient expression of estrogen receptors and to control for their effect on gene transcription. (18) were kindly provided by C Wolheim and M Asfari, Geneva, and were cultured in RPMI1640 (Gibco, Gaithersburg, MD, USA) containing additions as described. All cells transduced with estrogen receptors were kept in phenol red-free medium containing charcoal-stripped fetal calf serum (FCS) (19) . Fetal calf serum was stripped by treatment with 1% dextrancoated charcoal at 56 ЊC for 30 min. Thereafter, charcoal was sedimented and the FCS was sterilized by filtration through 0.22 mm filters.
INS-1 cells

Design of retroviral vectors
Estrogen receptor vector The retroviral construct used for expression of the human estrogen receptor was composed of a mouse embryonic stem cell virus (MESV)-derived vector in which the original long terminal repeat (LTR) is replaced by a myeloproliferative sarcoma virus long terminal repeat (MPSV-LTR) to allow for a higher expression level of the hygromycin resistance gene (hyg R ). The human estrogen receptor expression is driven by an internal early simian virus 40 (SV40) enhancer/promoter (20) . Thus, both genes are coexpressed independently without a need for splice signals. To avoid termination of viral RNA at internal polyA sequences, both transcripts use the 3 0 LTR polyA signal (Fig. 1 ).
Estrogen-responsive retroviral construct
In order to test for gene expression in response to estrogen stimulation, a retroviral construct called p5NMere was made based on a MPSV-derived vector (20 and C Stocking, J Hofmann and W Ostertag, unpublished data). This vector consisted of a neomycin resistance driven by the 5 0 LTR followed by a b-galactosidase gene driven by a stimulating protein (Sp1 element) in combination with three consecutive estrogen responsive elements (EREs) (Fig. 2) .
Production of retrovirus and retroviral infection
All retroviruses used were replication deficient and therefore could only be provided by packaging cells. Stable producer cells were obtained by first transfecting the ecotropic producer cell line GP + E-86 (21) via lipofection using DOTAP (Boehringer Mannheim) according to the instructions of the producer. After 24, 36 and 48 h the supernatants from these cells were used to infect the amphotropic producer cell line PA 317 (22) . The cells were selected with 800 mg/ml G418 or 200 mg/ml hygromycin for at least 14 days. Supernatants from these stable producer cell lines were used to repeatedly infect INS-1 insulinoma cells, which were consecutively also selected with the appropriate antibiotic.
Transient infection via electroporation
Estrogen receptor expression was controlled by transient transfection with a reporter plasmid pGl3P (Promega, Madison, WI, USA) which contains a minimal SV40 promoter. Two copies of the vitellogenin estrogen responsive element were cloned in front of the minimal SV40 promoter rendering the luciferase estrogen responsive. This vector was transiently transfected by electroporation together with a pSV-bGal vector (Promega) to control for transfection efficiency. Electroporation was performed at 1000 mF and 270 V in an Invitrogen electroporator II. Luciferase was analyzed as described (23) . b-Galactosidase was quantified using the GalactoLight kit (Tropix, Bedford, MA, USA) according to the protocol of the manufacturer. Measurements were performed in triplicate.
Histochemical b-galactosidase staining
An X-gal stain (5-brom-4-chlor-3-indolyl-(-D-galactopyranoside)) was performed to demonstrate b-galactosidase expression on a single cell basis (24) . Cell culture medium was removed and cells were fixed with 0.05% glutaraldehyde for 10 min at room temperature. Cells were washed three times with PBS and incubated overnight with X-gal staining solution (20 mmol/l K 3 Fe(CN) 6 , 20 mmol/l K 4 Fe(CN) 6 , 2 mmol/l MgCl 2 , 1 mg/ml X-gal) at 37 ЊC. b-Galactosidase-positive cells develop a characteristic blue staining.
Measurement of intracellular calcium concentrations
Cells were seeded on glass coverslips and cultured for 24 h in either the presence or absence of estrogen. For preloading the cells with the fluorescence indicator, the culture medium was removed and the cells incubated in Krebs-Ringer-HEPES solution containing Fura-2-AM (2 mmol/l) and glucose (3 mmol/l) for 45 min at 37 ЊC. After washing the cells three times with the experimental buffer, they were transferred to a temperature-controlled microscopic stage and perifused at 2 ml/min with experimental buffer consisting of Krebs-Ringer-HEPES containing (mmol/l) NaCl (122), KCl (4.8), CaCl 2 (2.5), MgCl 2 (1.1), HEPES (N-2-hydroxyethylpiperazine-N 0 -2-ethanesulfonic acid) (10) with a pH adjusted to 7.4 and gassed with ambient air. Single cell fluorescence was measured at 340/380 nm excitation and 510 nm emission using an amplified CCD camera-based imaging system (IonOptix, Milton, MA, USA) operated by the IonWizzard software (IonOptix), at a sampling rate of two images per second. Zones of interest were set to cover whole cells and the average fluorescence of these zones was monitored. All results are presented as fluorescence ratio of the signal obtained with an alternating excitation of 340 or 380 nm. The traces shown are representatives for the indicated number of cells out of 5-6 different incubations.
MTT assay
Cell proliferation was measured using the 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyltetrazolium bromide (MTT; Sigma, Deisenhofen, Germany) assay according to standard protocols (25) .
Insulin radioimmunoassay
A guinea pig antibody against human insulin was obtained from Sigma and used at a dilution of 1:5000, rat insulin was used to construct the standard curve. Incubations were performed overnight at 4 ЊC and free insulin was separated using dextran-coated charcoal (26) . The intra-assay coefficient of variation at 4 ng/ml insulin was 8% and the interassay coefficient of variation was 10%.
For intracellular insulin concentrations, cells were homogenized in ethanol containing 5% acetic acid (300 ml/well) and extracted overnight. The extract was centrifuged for 30 min at 15 000 g, lyophilized and resuspended in assay buffer.
Western blot
Homogenate of the cells was separated by SDSgel electrophoresis following standard procedures before protein transfer to polyvinylidene fluoride (PVDF)-membrane (27) . Anti-human estrogen receptor antibody (AB-1, Oncogene Science, Cambridge, MA, USA) was used in a 1:1000 dilution for detection. Visualization was performed by using the ECL-system (Amersham-Pharmacia, Little Chalfont, Bucks, UK).
Statistical analysis
Statistical analysis was performed using SPSS software. Comparisons between with and without estrogen were performed with a paired t-test and multiple analysis of variance. A value of P < 0.05 was considered significant.
Results
Retroviral gene transfer to INS-1 cells
Expression of the estrogen receptor in INS-1 cells was shown by an immune-blot using a monoclonal mouse antibody against human estrogen receptor (Fig. 3a) . However there was no estrogen-dependent gene expression in INS-1 cells dectectable using an estrogenresponsive reporter construct (Fig. 3b) . This was interpreted as a consequence of the low amount of estrogen receptor. We therefore constructed INS-1 cell lines overexpressing human estrogen receptors by retroviral transfer. Hygromycin resistance gene encoded by the same retroviral vector was used for selection. The cells were subcloned and two clones with strong estrogen-dependent gene expression were identified by transient transfection with an estrogen responsive luciferase reporter vector (Fig. 3b ). These were then tested for glucose responsiveness of insulin secretion. One of the highly estrogen-responsive clones, INS-E3, showed an approximately 10-fold increase in insulin secretion in the presence of 16.5 vs 2.5 mmol/l glucose and was chosen for further experiments.
INS-E3 cells were infected with retroviral supernatants containing a vector which coded for the LacZ gene under the control of an estrogen response element and additionally a neomycin resistance gene. The cells were selected with 800 mg/ml and were subsequently called INS-E3-LacZ.
The response to estrogen stimulation was greatly augmented in these cells. However, the estrogen response varied enormously between cells. X-gal staining of these cells revealed that approximately 50% of the transduced cells express high amounts of b-galactosidase upon stimulation with estradiol (Fig. 4) . with smaller responses at 1 or 100 nmol/l estradiol (Fig.  5) . (Fig. 6) . Estradiol pretreatment also did not affect the additive effects of 16.7 mmol/l glucose plus 100 mmol/l tolbutamide on intracellular Ca 2+ levels.
Changes in intracellular calcium
Effects of estrogen on cell proliferation and insulin content in INS-E3-LacZ cells
Cell proliferation was not altered by up to 72 h of treatment with 10 nmol/l estradiol as assessed by cell counting and colorimetric formazan blue assays with MTT after seeding of 50 000 cells/1.9 cm 2 . The concentrations of glucose were similar with or without 10 nmol/l estradiol. The cellular content of insulin was not affected by 24 h of treatment with 10 nmol/l estradiol and was 342 Ϯ 57 ng/well of 1.9 cm 2 in the absence and 328 Ϯ 54 ng/well in the presence of estradiol (n = 7).
Effects of estrogen on basal and induced insulin secretion in INS-E3-LacZ cells
Basal insulin secretion in the INS-E3-LacZ cells was low and amounted to 1.5 Ϯ 0.3% of the cellular insulin content over 90 min in the absence (n = 7) and 1.3 Ϯ 0.2% in the presence of 10 nmol/l estradiol (n = 7). Glucose at 16.5 mmol/l increased insulin secretion to 15.7 Ϯ 1.1% of insulin content in the absence and to 14.2 Ϯ 1.9% in the presence of estradiol over 90 min (Fig. 7) . This corresponds to a 10.2-and 10.9-fold increase in the presence and absence of estradiol respectively, as compared with basal secretion at 2.5 mmol/l glucose. To augment intracellular calcium concentrations, cells were treated with either the Ca 2+ ionophore, ionomycin or the Ca 2+ channel agonist, BAYk8644. Ionomycin (3 mmol/l) had no significant stimulatory effect on insulin secretion in the absence and presence of estradiol, whereas BAYk8644 increased insulin secretion to 4.1 Ϯ 0.4% in the absence and to 3.9 Ϯ 0.5% in the presence of 10 nmol/l estradiol (n = 4).
To examine the influence of estrogen on cAMPmediated insulin secretion cells were stimulated with forskolin. Estradiol did not have a significant effect on forskolin-induced insulin secretion (9.7 Ϯ 4.1 in the absence vs 8.3 Ϯ 1.0% in the presence of estradiol).
The protein kinase C (PKC)-activating phorbol ester TPA increased insulin secretion to 8.4 Ϯ 5.8% in the absence and to 5.5 Ϯ 1.3% in the presence of 10 nmol/l estradiol. None of these differences reached statistical significance. 
Discussion
Estrogen is known to influence the function of islets of Langerhans in vivo. Since it is not clear whether this is mediated by a direct influence on b-cells, we studied its effect on an insulinoma cell line. INS-1 cells were first equipped with human estrogen receptors by means of retroviral infection in order to augment any estrogen receptor-mediated responses. When these cells were subsequently infected with an estrogen-inducible control vector expressing b-galactosidase, we found a very high (approximately 130-fold induction) but heterogeneous expression according to the X-gal staining. This heterogeneity in expression levels after retroviral gene transfer has been described previously and might be explained by either changes in the number of transcriptionally active mRNA templates due to differences in the formation of RNA polymerase II transcription complexes (28) or time-dependent differences in the inhibition of expression by methylation of cytosine residues in the LTR (29) . The percentage of cells (being 50%) responding to an estrogen stimulus is probably underestimated since low levels of b-galactosidase expression are not detected with X-gal staining (30) . In each case, estrogen receptor-mediated transcriptional responses were extensively induced in these cells.
Estradiol administration to rats leads to islet hypertropy (31), similar to changes observed in islets in late pregnancy (32) . In our experiments estradiol treatment did not have any influence on cell proliferation for up to 72 h. In these experiments we also controlled for glucose concentrations in the media since glucose metabolism affects the MTT assay which reflects mitochondrial activity (33) .
Neither insulin content nor basal insulin secretion were significantly altered in the presence or absence of estradiol. None of the stimuli applied (high glucose, TPA for PKC-, forskolin for cAMP-, and ionomycin and BAYk8644 for Ca 2+ -induced insulin secretion) resulted in a different insulin response whether estrogen was present or not.
Prolactin was previously shown to alter the proliferation and secretory behavior of b-cells (34, 35) . Therefore, it appears likely that prolactin rather than estradiol plays a primary role in pregnancy-induced alterations of b-cell function.
Remarkably, estrogens exert profound effects on the electrical activity of endocrine cells. GH3 pituitary cells as well as gonadotropin-releasing hormone and opioidergic neuronal cells respond to steroid treatment with changes in spontaneous regular firing and with altered responses to neurotransmitter stimulation (36) . These effects appear to be mediated by transcriptional and nontranscriptional pathways. However, there was no evidence for such responses in INS-1 cells although this insulinoma represents a glucose responsive and highly differentiated b-cell line.
In summary, our data reveal that estradiol has no significant direct effect on proliferation rate, insulin content, basal and stimulated insulin output as well as Ca 2+ -fluxes even in estrogen receptor overexpressing insulin secreting INS-1 cells. These in vitro data support the thesis that responses to estrogens on insulin and glucose metabolism seen in vivo may result from indirect rather than direct betacytotropic effects.
